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Introduction 

Certain types of non-linear loads can 
generate harmonics within a power dis- 
tribution system. The harmonics can 
cause abnormal heating within trans- 
formers, neutral conductors, induction 
motors, etc. This application note 
provides some background on the 
harmonic problem and suggests some 
methods for measuring harmonics and 
minimizing their effects. 

1. What are harmonics? 
Harmonics are currents or voltages 

which have frequencies that are 
integer multiples of the fundamental 
power frequency. Each has a name 
associated with the multiplying num- 
ber, i.e., if the fundamental frequency 
is 60 Hz, then the second harmonic is 
120 Hz, the third is 180 Hz, etc. 

2. When do harmonics occur? 
Harmonics can be present in either 

voltage, current or both. They occur 
whenever the wave shape is distorted, 
i.e, when the wave shape varies from a 
pure sine wave. 

Electric Utilities typically generate a 
voltage which is very nearly a sine 
wave. If an end user connects a linear 
load such as a resistive heater, the re- 
sulting current will be a sine wave and 
no harmonics will be present. If, how- 
ever, the load is non-linear, drawing 
short pulses of current within each 
cycle, the current wave shape will be 
distorted (non-sinusoidal) and har- 
monic currents will flow. In a typical 
case, each harmonic will have a differ- 
ent amplitude depending on the type 
of distortion but, in general, the 
greater the distortion, the larger the 



harmonic currents. The total current 
will be a combination of the funda- 
mental plus each of the harmonics. 

3. What types of loads generate 
harmonic currents? 

In addition to arc furnaces, the 
commonly found loads which produce 
harmonic currents include the 
equipment containing semiconductors 
that switch the current on and off 
abruptly during each line cycle. 
Examples include variable speed 
motors, solid state heating controls, 
certain types of fluorescent lighting, 
electronic and medical test equipment, 
electronic office machines such as 
personal computers, printers, etc. 

The particularly worrisome loads 
are personal computers (due to their 
large number) and the variable speed 
motors due to their occasional large 
size. 

Voltage Harmonics 

4. How are line voltage harmonics 
generated? 

Distortion and harmonics on the 
line voltage are caused by harmonic 
currents acting in an Ohm's law 
relationship with the power source 
impedance, i.e., E = I x Z. For 
example, a 10A harmonic current 
being drawn from a source impedance 
of 0.1 ohm will generate a harmonic 
voltage of 1.0 volt. 

5. What problems are associated 
with harmonics on the line voltage? 

Line voltage harmonics can radiate 
interference into telephone and 
communication systems. In addition, 
harmonics on the line voltage will 
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generate harmonic currents in linear 
loads such as induction motors and 
power factor correction capacitors. 
Induction motors are particularly 
vulnerable to higher frequency voltage 
harmonics for two reasons: 1. The 
eddy current losses within the motor 
are proportional to the frequency 
squared and 2. Certain harmonics, 
notably the 5th, are "negative 
sequence" which means they are 
backwards rotating. Good practice 
rules for motors dictate that the total 
harmonic distortion on the line voltage 
should be less than 5%. 
6. How can line voltage harmonics 
be reduced? 

Looking at Ohm's law in answer #4, 
it is clear that line voltage harmonics 
can be reduced by: 1. Using filters, etc. 
to reduce the harmonic currents or, 2. 
Making the power source impedance 
lower by installing a larger transfonner, 
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larger and shorter conductors, better 
connectors, etc. Induction motor 
installations should be planned so that 
motor branch circuits are not shared 
by loads generating harmonic current. 

Current Harmonics 

7. What electrical problems are 
associated with harmonic currents? 

Harmonic currents generated by 
non-linear loads will flow through 
components of the electrical distri- 
bution system including circuit 
breakers, conductors, busbars, panels, 
transformers, generators, etc. In most 
cases, these components were sized 
and/or designed to handle 60 Hz loads. 
When sizeable harmonic currents are 
present, problems are likely. The 
following discussion describes some of 
the potential problems associated with 
the parts of the distribution system: 
Circuit Breakers-If the trip mecha- 
nism is not designed to respond prop- 
erly to the higher frequency elements 
of the harmonic currents, the breaker 
may trip prematurely at a low current 
or fail to trip at the rated trip current. 
A breaker rated to respond to the true 
rms or heating value of the current will 
have a better chance of protecting 
against harmonic current overloads. 
Conductors-In three phase systems, 
certain harmonic currents can overload 
neutral conductors. The troublesome 
harmonics, called "triplens", consist of 
the 3rd and odd multiples of the 3rd 
(i.e., 3rd, 9th, 15th, etc.). These 
harmonics will add rather than cancel 
in the neutral of a three-phase 4-wire 
system. Normally, the neutral carries 
only the unbalanced part of the phase 
currents but when triplens are present, 
it is theoretically possible to have 
neutral current at the triplen frequen- 
cy that is 1.73 times greater than the 
phase current even if the phase cur- 
rents are perfectly balanced. 
Bus Bars and Connecting Lugs- 
Neutral bus bars that are sized to carry 
the full value of the rated phase 
current can become overloaded when 
the neutral conductors are carrying the 
additional sum of the triplen harmon- 
ics. Connecting lugs are vulnerable to 
the same problem. 

Electrical Panels-Electrical panels 
that are designed to carry 60 Hz 
currents can become mechanically 
resonant to the magnetic fields gener- 
ated by higher frequency harmonic 



currents. Under these conditions, the 
panel can vibrate and emit an audible 
buzzing sound at the harmonic 
frequency. 

Transformers-Transformers don't like 
harmonics for two reasons. First, the 
core losses caused by eddy currents 
and hysteresis tend to increase as the 
frequency goes up. Copper losses due 
to "skin effect" also increase with 
frequency. Second, harmonics can 
cause certain delta-wye transformer 
configurations to experience a circu- 
lating current in the delta winding. A 
common example would be the 
208/120 volt transformers that com- 
monly feed receptacles in a com- 
mercial building. In this case, single 
phase non-linear loads connect to the 
receptacles that can produce "triplen" 
harmonics which algebraically add in 
the neutral. When this neutral current 
reaches the transformer it is reflected 
into the delta primary where it circu- 
lates. The end result is transformer 
heating sometimes causing failures, 
Generators-Standby generators can 
experience the same kind of over- 
heating problems that affect trans- 
formers. In some cases, they are more 
vulnerable than transformers because 
they are used to provide emergency 
power for harmonic producing loads 
such as data processing equipment. In 
addition to overheating, certain types 
of harmonics produce distortion at the 
zero crossing of the current waveform, 
thereby causing interference and 
stability problems for the generator's 
control circuits. 

8. What type of harmonic currents 
can be expected from single phase 
loads such as personal computers? 

Personal computers are part of a 
large class of electronic equipment that 
employs diode-capacitor power 
supplies. These power supplies con- 
vert the ac line voltage to low voltage 
dc. The conversion process involves 
charging large capacitors each line 
cycle with narrow pulses of current 
that are time-coincident with the peaks 
of the line voltage. This process 
generates odd harmonics which are 
mostly 3rd and 5th with lesser amounts 
of 7th, 9th, etc. 

Note carefully that the 3rd and the 
9th are "triplens" which will alge- 
braically add in the 3-phase neutral 
causing conductor overloading and 
transformer heating. 



9. What harmonics can be 
expected from variable speed 
motor drives ? 

The frequency converters com- 
monly used to drive variable speed 
motors are built in two types - 6 pulse 
or 12 pulse units. They are named 
according to the number of pulses 
produced for each cycle of the output 
variable frequency. The primary har- 
monics produced are equivalent to the 
pulse number plus or minus one, i.e., a 
6 pulse convertor will generate 5th and 
7th harmonics and a 12 pulse unit will 
generate 11th and 13th. 

Test Instruments 

10. What equipment is used for 
measuring harmonics? 

The type of equipment used 
depends on the extent of the measure- 
ments required. If we want a real time 
picture of the wave shape, we would 
use an oscilloscope or digital recording 
instrument. If we want to determine 
the amplitude of each individual har- 
monic, we would use a spectrum 
analyzer. However, if we simply want 
to measure the true rms value or the 
instantaneous peak value of the wave 
shape, we can use a hand held digital 
multimeter. In power distribution 
systems we are usually more interested 
in the current then the voltage so in 
each case above the measuring instru- 
ment would be equipped with a cur- 
rent clamp so that the current could be 
observed without breaking conductors. 

11. What is meant by the term 
"TRUE RMS"? 

The term "TRUE-RMS" relates to 
the root-mean-square or equivalent 
heating value of a current or voltage 
wave shape. The root-mean-square 
terminology comes from the mathe- 
matical formula that says if a distorted 
waveshape and a pure sine waveshape 
produce the same amount of heat in a 
resistive load then the two waveshapes 
have the same rms value. 

The word "TRUE" comes from the 
fact that not all instruments give 
correct readings for distorted wave 
forms. The vast majority of low cost 
portable instruments are "average 
responding - rms calibrated". These 
instruments give correct readings for 
sine waves only and will typically read 
low when the waveform is distorted. 
The more expensive instruments 
equipped with true- rms convertors will 
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give correct readings for any wave- 
shape within the crest factor and band 
width limitations. 

When harmonics are present, a 
true-rms responding instrument is 
required for correct readings because 
the true-rms value relates directly to 
the heat produced in conductors, 
transformers and other components of 
a power distribution system. 

12. What is a "crest factor"? 
The crest factor of a waveform is 

the ratio of the peak value to the rms 
value. For a sine wave, the crest factor 
is 1.414. A true-rms measuring 
instrument will have a crest factor 
specification which relates to the 
amount of peaking that can be mea- 
sured without errors. Typical speci- 
fication numbers would range from 2.0 
to 7.0. The higher the number the 
better the performance. A typical 
handheld digital multimeter would 
have a crest factor specification of 3.0 
which would be adequate for most 
power distribution measurements. 

13. Is there an easy way to identify 
a true-rms measuring instrument? 

Most handheld and portable test 
instruments are labeled on the front 
panel if they have true-rms capability. 
Look near the model number or near 
the AC function control. The label 
should read "TRUE-RMS" or "T- 
RMS". Two examples are shown. 




If the label is missing, chances are 
that the instrument is average respond- 
ing. A second place to look would be 
the instrument's performance specifi 
cations. Look under the AC volts sec- 



tion for a statement about the conver- 
ter type or calibration scaling. A prop- 
erly specified true-rms instrument will 
always have a crest factor specification. 

14. What Fluke Models are recom- 
mended for true-rms measure- 
ments in power distribution 
systems? 

Fluke currently makes four models 
of true-rms handheld digital multi- 
meters: Models 8026A, 8060A, 8062A 
and 87. The Model 8060A is the most 
accurate but Model 87 is recommend- 
ed for most applications because it has 
the additional features of peak hold, 
min/max and average recording. Rec- 
ommended accessories for the above 
models include 80i-600 and 80i-400 
AC current probes and 80i-kW 
current/power probe. 

Survey Methods 

15. What steps should be taken to 
make a facility survey for harmonic 
currents? 

The following list suggests a 
sequence of steps for a harmonic 
current survey: 

a. Load Inventory- Make a walking 
tour of the facility and note which 
loads are likely to generate harmonic 
currents (see question 3). 

b. Transformer Heat Check- Locate 
the transformers feeding the potential 
problem loads and look for excessive 
heating. Check for blocked cooling 
vents, etc. 

c. Transformer Secondary Current- 
Use true-rms measuring equipment for 
checking transformer currents. First, 
verify that the voltage ratings for the 
test equipment are adequate for the 
transformer being tested. Then, 
measure and record the transformer 
secondary currents in each phase and 
the neutral (if used). Next calculate 
the kVA being delivered to the load 
and compare it to the nameplate rating 
(see examples in question 17). Note 
that if harmonic currents are present, 
the transformer can overheat even if 
the kVA being delivered is less than the 
nameplate rating. 

If the transformer secondary is a 4- 
wire system, compare the measured 
neutral current to the value predicted 
from the imbalance in the phase 
currents. (The neutral current is the 
vector sum of the phase currents and 
would normally be zero if the phase 



currents are balanced in both ampli- 
tude and phase.) If the neutral current 
is unexpectedly high, triplen harmonics 
(question 7) are likely and the trans- 
former may need to be derated as 
described in question 17. 

Next, measure the frequency of the 
neutral current. 1 80 Hz would be a 
typical reading for a neutral current 
consisting of mostly 3rd harmonic. 

d. Sub-Panel Neutral Current Check- 
Survey the sub-panels that feed 
harmonic loads. Measure the current 
in each branch neutral and compare 
the measured value to the rated capa- 
city for the wire size used. Check the 
neutral busbar and feeder connections 
for heating or discoloration. 

e. Receptacle Neutral-to-Ground 
Voltage Check- Neutral overloading in 
receptacle branch circuits can some- 
times be detected by measuring the 
neutral-to-ground voltage at the 
receptacle. Make the test when the 
loads are on. 2V or less is probably 
normal. Higher voltages can indicate 
trouble depending on the length of 
run, quality of connections, etc. Be 
particularly cautious about under car- 
pet wiring and modular office panels 
with integrated wiring that use a neu- 
tral shared by three phase conductors. 
These have been troublesome in the 
past due partially to the fact that 
typical loads are computer and office 
machines that generate triplen 
harmonics which overload neutrals. 
16. Is there an easy way to detect 
harmonic currents without using an 
oscilloscope or harmonic analyzer? 

Yes, in some cases. If the harmon- 
ics in question are the lower frequency 
variety such as those produced by 
personal computers and business 
machines, the current wave-form will 
contain narrow pulses consisting 
mostly of 3rd, 5th, and 7th harmonics. 
Waveforms of this type have a true-rms 
value that is substantially higher than 
the average value. The presence of 
harmonics can be established by 
measuring the difference between the 
true-rms value and the average value. 

First, measure and record the phase 
current using a meter that responds to 
the average value. Next, measure the 
jjhase current with a true-rms meter 
and compare the readings. If harmon- 
ics are present, the true-rms meter will 
have a higher reading. The greater the 
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difference, the more harmonics are 
present. Caution Note: the compara- 
tive readings should be made on the 
phase conductors, not the neutral. In 
cases where the harmonics are mostly 
3rd, the neutral current can be a nearly 
pure sine wave at the harmonic fre- 
quency of 180 Hz. Triplen harmonics, 
such as the 3rd which add in the neu- 
tral can often be detected by measur- 
ing the frequency of the neutral 
current. 

SOLUTIONS 

17. What can be done about 
overloaded neutrals? 

In a 3 phase 4-wire system, the 60 
Hz portion of the neutral current can 
be minimized by balancing the loads 
on each phase. The triplen harmonic 
neutral current can be reduced by 
adding harmonic filters at the load. If 
these solutions are not practical, extra 
neutrals may have to be pulled in. One 
neutral for each phase is ideal. An 
alternative would be an oversized neu- 
tral shared by 3 phase conductors. 

In new construction, under carpet 
wiring and modular office partitions 
with wiring should be specified to have 
individual neutrals and possibly an iso- 
lated ground separate from the safety 
ground. 

18. What procedures are available 
for calculating a derating factor for 
receptacle transformers? 

The most rigorous method for der- 
ating transformer capability is given in 
ANSI/IEEE standard C57.110-1986. 
This method is somewhat impractical, 
however, because it requires extensive 
loss data from the transformer manu- 
facturer plus a complete harmonic 
spectrum of the load current. A sec- 
ond method has recently been recom- 
mended by the CEBMA Association 
(Ref. 1). This method involves several 
straight forward measurements that 
can be made with commonly available 
test equipment. It appears to give 
reasonable results for 208/120 Y recep- 
tacle transformers that supply low 
frequency odd harmonics (3rd, 5th, 
7th) that are commonly generated by 
computers and office machines. 

Using this derating method, it is 
necessary to measure both the true 
rms phase current and the instanta- 
neous peak phase current for each 
phase of the secondary. While the 
measurements are simple enough to 



make, the test equipment must be 
capable of taking true rms and instan- 
taneous peak current measurements. 

To determine the derating factor for 
the transformer, the peak and true rms 
current measurements are taken for 
the three phase conductors. If the 
phases are not balanced, the numbers 
used in the formula should be an 
average of the three phases. 

THDF= Transformer Harmonic 
Derating Factor 

(1.414)(True RMS Phase Current) 

(Instantaneous Peak Phase Current) 

This formula generates a value 
between and 1.0, although typically 
between 0.5 and 0.9. (Note that if the 
phase currents were purely sinusoidal, 
the instantaneous peaks would be 
1.414 times the true rms value, and the 
derating factor would be 1.0; i.e., no 
derating.) The transformer rating with 
harmonics present would be the prod- 
uct of the nameplate KVA rating times 
the THDF. 

KVA derated = (THDF)(KVA 
nameplate) 

Example for 208/120 Y transformer 
ralcd at 125 KVA: 

Measured values for the load cur- 
rents were recorded as follows using a 
Fluke Model 87 and an 80i-600 ac 
current probe accessory. 

True rms Instantanuous 
Conductor Current Peak 
Name Amps Current 
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205A 
221 
218 



402A 
446 
414 



I phase avg. = 205 + 221 + 218 = 214A 
3 

I pk avg. = 402 + 446 + 414 = 420A 
3 

THDF = (1.414) (214) = 72% 
420 

This calculation indicates that with 
the level of harmonics present, the 
transformer should be derated to 72% 
of its rating to prevent overheating. 
19. Can harmonics cause problems 
for power factor correction 
capacitors? 

Yes, power factor correction capac- 
itors can form a resonant circuit with 
the inductive parts of a power distri- 



bution system. If the resonant fre- 
quency is at or near one of the har- 
monics, the harmonic current can 
increase substantially overloading the 
capacitors and blowing the capacitor 
fuses. 

Common practice for linear loads 
dictates that the capacitors should be 
placed as close to the load as possible. 
This practice is not recommended 
when harmonics are present because 
the likelihood of a resonance condition 
is typically increased as the capacitors 
are moved electrically closer to the 
load. Recent articles on the subject 
recommend using inductive reactors in 
series with capacitors so that the series 
combination looks inductive to the 
lowest harmonic of interest, (Ref. 2). 
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